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The  tolerance  for  the  reduction  and  oxidation  (redox)  reactions  of  the  segmented-in-series  solid  oxide  fuel 
cells  (SIS-SOFCs)  has  been  investigated.  In  conventional  anode-supported  solid  oxide  fuel  cells  (SOFCs), 
the  anode  and  the  substrate  are  typically  prepared  from  Ni-YSZ-based  materials  which  exhibit  a  signif¬ 
icant  dimensional  change  because  of  the  redox  reaction  and  cannot  retain  their  structure.  The  substrate 
of  the  SIS-SOFCs  is  prepared  from  Ni-doped  MgO-based  material,  which  has  a  high  redox  tolerance,  and 
the  SIS-SOFC  exhibits  a  good  performance  after  the  redox  cycles. 

The  degradation  rate  is  approximately  0.15%  per  cycle  in  a  redox  condition  of  start-and-stop  operation 
without  fuel  supply.  In  the  other  redox  condition  (when  the  fuel  supply  is  interrupted  for  1.5  min),  the 
voltage  of  the  SIS-SOFCs  remains  almost  constant.  However,  the  voltage  of  SIS-SOFCs  decreases  with 
an  increase  in  the  reoxidation  time  of  the  interruption  in  the  fuel  supply.  The  high  redox  tolerance  is 
attributed  to  the  fact  that  the  diffusion  coefficients,  mean  free  path,  and  existence  of  the  Ni  particles  in 
the  substrate  can  effectively  deter  the  oxidation  of  the  anode. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Redox  tolerance  in  a  small-scale  solid  oxide  fuel  cell  (SOFC)  sys¬ 
tem  is  considered  important  for  the  practical  applications  of  the 
system.  In  the  case  of  a  reliable  SOFC  system,  a  high  redox  durabil¬ 
ity  gives  some  advantages  such  as  temporary  high  fuel  utilization 
stability  and  emergency  shutdown  without  any  reduction  in  the 
purge  gas. 

The  redox  mechanism  for  the  anode  in  SOFCs  has  been  stud¬ 
ied  by  many  researchers  in  order  to  enhance  the  redox  tolerance  of 
the  cells  [1-4].  Further,  the  redox  degradation  has  been  attributed 
to  the  microstructural  changes  in  the  nickel-yttria-stabilized  zir- 
conia  (Ni-YSZ)  anode.  The  substrate  of  the  anode-supported  fuel 
cells  (ASCs),  which  was  typically  prepared  by  using  Ni-YSZ  cermet, 
exhibits  a  significant  dimensional  change  and  is  responsible  for  the 
formation  of  cracks  in  the  electrolyte  and  the  substrate.  Therefore, 
it  is  important  to  devise  a  method  for  preventing  the  oxygen  from 
flowing  into  the  anode. 

We  developed  segmented-in-series  solid  oxide  fuel  cells  (SIS- 
SOFCs)  in  2003  [5,6].  The  stack  of  the  SIS-SOFCs  resembled  a 
flattened  tube,  and  the  16  single  cells  were  connected  electrically 
in  series  by  using  ceramic  interconnects  on  a  porous  substrate;  the 
substrate  was  made  of  an  insulating  material.  A  schematic  rep¬ 
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resentation  of  an  SIS-SOFC  is  shown  in  Fig.  1;  the  stack  design 
was  determined  through  numerical  analyses  [7-9].  The  above- 
mentioned  electrically  insulating  substrate  was  prepared  from  a 
Ni-doped  MgO-based  material,  and  the  stability  of  this  substrate 
was  examined  [10,11].  The  dimensional  stability,  the  small  struc¬ 
tural  change,  and  the  small  residual  stress  change  in  the  electrolyte 
were  confirmed  in  the  redox  cycle.  In  this  study,  we  have  examined 
the  redox  cycle  and  the  redox  tolerance  of  an  SIS-SOFC. 

2.  Experimental 

2.1.  SIS-SOFC  preparation 

The  SIS-SOFC  fabrication  method  comprises  five  major  pro¬ 
cesses:  extrusion,  tape  casting,  dip  coating,  cofiring,  and  screen 
printing.  The  electrically  insulating  substrate  is  prepared  from  a 
Ni-doped  MgO-based  material,  and  extruded  in  the  form  of  a  flat¬ 
tened  tube.  The  anode  is  prepared  from  well-mixed  NiO  powder 
(99.9%,  Seido  Chemical  Industry  Co.,  Ltd.)  and  8mol%  YSZ  powder 
(TZ-Y,  Toso  Co.,  Ltd.).  The  anode  sheets  are  produced  by  using  a  tape 
casting  method  and  arrayed  on  the  substrate.  Then,  the  substrate 
with  the  anode  is  dipped  in  a  YSZ  slurry,  and  the  YSZ  electrolyte  is 
cofired  with  the  substrate  and  the  anode.  Next,  the  cathode  of  Sr- 
and  Co-doped  LaFe03  (LSCF)  is  screen  printed  on  the  electrolyte  and 
sintered.  Samples  of  the  electrolyte  and  the  cathode  are  prepared 
by  using  almost  the  same  method  as  that  reported  in  our  previous 
papers  on  ASCs  [12,13]. 
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Fig.  1.  Schematic  representation  of  (a)  the  plane  view  and  (b)  the  cross-sectional  view  of  the  SIS-SOFC. 


Table  1 

The  procedure  of  the  start-and-stop  operation  without  the  reducing  gas  supply. 


Step 

Tstart  (°C) 

Fend  (°C) 

Time  (h) 

Inlet  gas  composition  on  fuel  side 

Process 

1.  Heating 

20 

300 

1.2 

Air:  0.91  cm3  min-1 

Reoxidation 

2.  Heating 

300 

700 

1.3 

Air:  0.91  cm3  min-1,  H20:  1.63  pi  min-1 

Reoxidation 

3.  Heating 

700 

775 

0.5 

CH4:  2.17  cm3  min-1,  H20:  4.00  pi  min-1 

Reduction 

4.  Hold 

775 

775 

0.4 

CH4:  5.02  cm3  min-1,  H20:  9.25  pi  min-1 

IV 

5.  Cooling 

775 

700 

0.5 

CH4:  2.17  cm3  min-1,  H20:  4.00  pi  min-1 

Reduction 

6.  Cooling 

700 

300 

3 

Air:  0.91  cm3  min-1,  H20:  1.63  pi  min-1 

Reoxidation 

7.  Cooling 

300 

20 

>10 

Air:  0.91  cm3  min-1 

Reoxidation 

2.2.  SIS-SOFC  stack  performance 

The  current-voltage  (/-V)  and  current-power  characteristics  of 
the  SIS-SOFC  stack  were  measured  at  775  °C  when  steam-reformed 
methane  (S/C  =  2.5)  was  used  as  the  fuel.  Further,  durability  and 
thermal  cycle  stability  tests  were  conducted  for  obtaining  baseline 
data. 

The  redox  tolerance  of  an  SIS-SOFC  was  estimated  by  using  two 
different  redox  conditions.  The  first  condition  was  a  start-and- 
stop  operation  that  did  not  involve  using  a  reducing  gas  as  the 
purge  gas.  For  completely  replacing  the  residual  gas  in  the  experi¬ 
mental  pipes,  air  was  supplied  as  the  oxidation  gas  to  the  anode 
side  of  the  cell.  The  oxidation  process  of  the  SIS-SOFC  was  car¬ 
ried  out  in  a  furnace  with  dry  air  at  temperatures  of  up  to  300  °C 


and  with  humidified  air  at  temperatures  of  up  to  700  °C.  A  reduc¬ 
tion  reaction  was  carried  out  by  using  steam-reformed  methane 
(S/C  =  2.5)  from  700  to  775  °C  for  30  min,  and  then  the  open-circuit 
voltage  (OCV)  and  I-V  characteristics  were  measured  under  the 
same  fuel  and  temperature  conditions.  After  the  measurements, 
the  SIS-SOFC  was  cooled  down  to  room  temperature  in  a  reoxi¬ 
dation  atmosphere.  This  thermal  cycle  test  along  with  the  redox 
reaction  was  carried  out  20  times;  refer  to  Table  1  for  further 
details. 

Next,  a  redox  examination  by  using  a  fuel  flow  interrupt 
technique  was  performed  at  775  °C.  After  measuring  the  I-V  char¬ 
acteristics,  we  carried  out  the  reoxidation  process  by  supplying 
humidified  air  for  1.5  min  before  supplying  the  reformed  methane. 
The  performances  after  each  redox  cycle  were  evaluated  by  mea- 


Table  2 

The  procedure  of  the  fuel  flow  interrupt  method. 


Process 

Time  (min) 

Inlet  gas  composition  on  fuel  side 

CH4(lmin-1)  H20(plmin-1) 

Air  (lmin-1) 

1 

First  reoxidation 

1.5 

0 

1.63 

0.91 

Reduction  IV  measurement 

0.502 

9.25 

0 

2 

Second  reoxidation 

10 

0 

1.63 

0.91 

Reduction  IV  measurement 

0.502 

9.25 

0 

3 

Third  reoxidation 

15 

0 

1.63 

0.91 

Reduction  IV  measurement 

0.502 

9.25 

0 

4 

Fourth  reoxidation 

20 

0 

1.63 

0.91 

Reduction  IV  measurement 

0.502 

9.25 

0 

5 

Fifth  reoxidation 

25 

0 

1.63 

0.91 

Reduction  IV  measurement 

0.502 

9.25 

0 

6 

Sixth  reoxidation 

30 

0 

1.63 

0.91 

Reduction  IV  measurement 

0.502 

9.25 

0 
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Fig.  2.  (a)  Current-voltage  and  power  density  characteristics  and  (b)  fuel  utilization  dependences  of  an  average  cell-stack  voltage  and  electrical  efficiency  of  the  segmented- 
in-series  SOFC  stack  with  a  fuel  of  steam-reformed  methane  (S/C  =  2.5)  at  775  °C. 


suring  the  OCV,  I-V,  and  IR  characteristics.  The  IR  characteristics 
were  measured  using  a  current-interruption  method.  The  redox 
procedures  are  given  in  Table  2. 

After  these  measurements,  the  anode  and  the  substrate  of  the 
SIS-SOFC  stack  were  analyzed  by  using  a  scanning  electron  micro¬ 
scope  (SEM,  JEOL  Ltd.,  EX-23000BU). 

3.  Results  and  discussion 

Fig.  2  shows  (a)  the  I-V  characteristics  and  (b)  the  fuel 
utilization  dependence  of  the  SIS-SOFC  stack  voltage  as  base¬ 
line  data  before  the  redox  cycles.  The  average  stack  power 
density  when  reformed  methane  was  used  as  the  fuel  was 
0.195  W  cm-2  at  0.24  A  cm-2  at  Uf=35%.  A  conversion  efficiency 
of  53.9%  HHV  was  obtained  at  an  average  voltage,  an  out¬ 
put  power,  a  current  density,  and  a  Uf  of  0.79  V,  0.19  W cm-2, 
0.24  A  cm-2,  and  78.9%,  respectively.  Figs.  3  and  4  show  the 
SIS-SOFC  durability  performances  as  a  function  of  the  elapsed 
time  and  the  thermal  cycle;  durability  rates  of  0.28%/1000h 
and  0.12%  per  cycle  were  obtained  under  normal  condi¬ 
tions. 

The  performances  were  examined  after  the  start-and-stop 
operation  mentioned  earlier.  The  obtained  OCV  and  the  aver¬ 
age  cell  voltage  at  a  current  density  of  0.24  A  cm-2  are  shown 
in  Fig.  5.  The  OCV  remained  almost  constant,  and  the  voltage 
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Fig.  4.  Thermal  cycle  test  results  of  the  SIS-SOFC  at  0.2  A  cm-2  at  750  °C. 


decreased  slightly;  the  degradation  ratio  of  the  redox  cycles  was 
approximately  0.15%  per  cycle.  This  ratio  was  almost  the  same 
as  that  of  the  durability  of  the  normal  start-and-stop  opera¬ 
tion.  The  high  durability  of  the  SIS-SOFC  shows  the  possibility 
of  developing  such  a  system  without  using  a  purge  gas.  The 
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Fig.  5.  SIS-SOFC  performance  after  the  start-and-stop  operation  without  the  reduc¬ 
ing  gas  supply. 
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Fig.  6.  SIS-SOFC  performance  after  fuel  flow  interrupt  operation:  (a)  voltage  behavior  during  the  fuel  interrupt  redox  cycles  and  (b)  OCV  and  voltage  after  redox  cycles. 


OCV  during  the  start-up  period  increased  at  temperatures  above 
400  °C,  and  attained  the  value  of  approximately  0.8  V  before  the 
reformed  methane  was  supplied  at  around  700  °C.  The  OCV  dur¬ 
ing  the  shutdown  process  exhibited  almost  the  same  behavior. 
This  implies  that  the  partial  pressure  of  oxygen  in  the  anode 
remains  constant  when  air  was  supplied  to  the  anode  side  fuel 
channel. 

Next,  the  voltage  of  the  SIS-SOFC  was  measured  after  the  flow  of 
the  reducing  fuel  was  interrupted  for  1.5  min.  The  OCV  decreased 
rapidly  from  approximately  1.0  V  and  remained  constant  at  approx¬ 
imately  0.8  V  (see  Fig.  6(a)).  The  I-V characteristics  were  obtained  at 
775  °C  after  a  rereduction  with  the  steam-reformed  gas  (S/C  =  2.5). 
The  voltage  at  0.24  A  cm-2  remained  almost  constant  during  the 
redox  cycles,  as  shown  in  Fig.  6(b).  However,  the  voltage  decreased 
with  an  increase  in  the  reoxidation  time.  The  time  dependence  of 
the  OCV,  voltage,  and  IR  are  shown  in  Fig.  7.  The  voltage  decreased 
with  an  increase  in  the  IR.  The  degradation  rate  of  the  voltage  was 
approximately  6.6%  h-1  and  the  increase  rate  of  ohmic  resistance, 


Elapsed  time  /  min 

Fig.  7.  SIS-SOFC  performance  as  a  function  of  fuel  flow  interrupted  time.  The  IR 
characteristics  were  measured  by  using  current  interrupt  method. 


approximately  3.5%  h-1.  The  increase  in  IR  was  attributed  to  the 
progressive  oxidation  of  the  anode  with  an  increase  in  the  reoxi¬ 
dation  time.  An  OCV  value  of  less  than  0.03  V  was  confirmed  after 
oxidation  for  30  min.  The  oxygen  partial  pressure  in  the  anode  was 
almost  the  same  as  that  at  the  cathode  side,  and  it  was  easy  to  oxi¬ 
dize  the  Ni  in  the  anode  to  NiO.  However,  we  confirmed  that  the 
SIS-SOFC  was  able  to  successfully  generate  electricity  only  after  the 
redox  cycles. 

The  SEM  images  of  the  anode  after  the  start-and-stop  opera¬ 
tion  and  the  fuel  flow  interrupt  operation  are  shown  in  Fig.  8(a) 
and  (b),  respectively.  The  SEM  images  of  an  oxidized  sample, 
which  was  annealed  in  the  furnace  at  800  °C  for  1  h,  are  shown 
in  Fig.  8(c)  for  reference.  The  anodes  after  the  redox  cycles  still 
had  the  reducing  morphology  of  the  Ni-YSZ  cermet  in  which  NiO 
was  hardly  observed,  as  in  the  case  of  the  reference  samples. 
However,  a  different  morphology  was  observed  in  the  restric¬ 
tive  area,  which  was  shown  in  Fig.  8(d).  The  partially  confirmed 
morphology  was  attributed  to  the  NiO  particles,  and  the  anode 
was  found  to  be  partially  exposed  in  the  oxidation  environ¬ 
ments. 

Fig.  9(a)  and  (b)  shows  the  SEM  image  of  the  substrate,  and  Ni 
particles  were  identified  in  the  grain  boundaries.  However,  another 
area  in  which  the  Ni  particles  were  not  seen  was  observed,  and 
the  SEM  image  of  this  area  is  given  in  Fig.  9(d).  This  morphology 
was  similar  to  that  of  the  annealed  reference  substrate  shown  in 
Fig.  9(c).  These  results  show  that  the  reduction  reaction  was  more 
dominant  in  the  substrate  although  a  partial  oxidation  atmosphere 
did  exist. 

The  SIS-SOFC  stack  had  an  electrically  insulating  porous  sub¬ 
strate,  which  was  located  between  the  fuel  channel  and  the 
anode,  as  shown  in  Fig.  1.  It  was  considered  that  the  substrate 
functioned  as  an  oxidation  barrier  layer  that  prevented  the  oxi¬ 
dation  gas  from  coming  in  direct  contact  with  the  anode.  Thus, 
the  OCV  was  obtained  without  supplying  fuel  for  few  dozens 
of  minutes  since  the  substrate  could  deter  the  diffusion  of  oxy¬ 
gen.  The  oxidation  deterrence  effect  was  attributed  to  not  only 
the  diffusion  coefficient  of  the  substrate  but  also  the  Ni  parti¬ 
cles  in  the  substrate.  Even  if  the  anode  oxidized  partially,  the 
amount  of  structural  change  was  smaller  than  that  observed  in 
the  case  of  general  ACSs,  and  the  SIS-SOFC  exhibited  a  high  redox 
tolerance. 
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Fig.  8.  SEM  images  of  the  anode:  (a)  after  the  start-and-stop  operation  without  the  reducing  gas  supply,  (b)  after  the  fuel  flow  interrupt  operation,  (c)  after  annealing  in  the 
furnace  at  800  °C  for  1  h  for  reference  and  (d)  a  partially  oxidized  morphology  observed  in  the  restrictive  area. 


Fig.  9.  SEM  images  of  the  substrate:  (a)  after  the  start-and-stop  operation  without  the  reducing  gas  supply,  (b)  after  the  fuel  flow  interrupt  operation,  (c)  after  annealing  in 
the  furnace  at  800  °C  for  1  h  for  reference  and  (d)  a  partially  oxidized  morphology  observed  in  the  restrictive  area. 


K.  Fujita  et  al.  /  Journal  of  Power  Sources  193  (2009)  130-135 


135 


4.  Conclusion 

The  SIS-SOFC  exhibited  a  high  tolerance  for  redox  cycles.  Degra¬ 
dation  rates  of  approximately  0.15%  per  cycle  and  6.6%  h-1  were 
obtained  in  the  start-and-stop  operation  without  fuel  supply  and 
the  fuel  flow  interrupted  operation,  respectively.  The  high  redox 
tolerance  was  attributed  to  the  fact  that  the  diffusion  coefficients, 
the  mean  free  path,  and  the  existence  of  the  Ni  particles  in  the  sub¬ 
strate  could  effectively  deter  the  oxidation  of  the  anode,  and  the  thin 
anode  exhibited  only  a  slight  dimensional  change  as  compared  to 
that  observed  in  the  case  of  conventional  anode-supported  SOFCs. 
Therefore,  because  of  its  high  redox  tolerance,  the  SIS-SOFC  system 
is  suitable  for  small-scale  power  generation  systems  that  do  not 
have  a  purge  gas  supply. 
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